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In the spring of 1986, I was recovering from yet another 
disappointment. Mark Ptashne, my Ph.D. supervisor, 
had been actively promoting the looping model for how 
regulatory proteins act at a distance on DNA. Inspired by 
the ;~ repressor work of Ann Hochschild (1986), another 
student in the lab, I wanted to determine whether the 
yeast activator Gal4 had to sit on the same side of the 
DNA helix as a nearby TATA box to activate transcrip- 
tion, as predicted by the looping model. But my experi- 
ments showed that Gal4 worked equally well regardless 
of whether its binding site and the TATA box were on 
the same or opposite side of the DNA helix. Reflecting 
on this result, I thought it might be due to the modular-- 
perhaps highly flexible--nature of this large protein of 
881 aa. Recent experiments by Roger Brent (1985), a 
postdoctoral fellow in the lab, and two students, Liam 
Keegan and Grace Gill (1986), had just shown that while 
the N-terminal 74 aa of Gal4 were responsible for bring- 
ing the protein to DNA, the remaining 90% of the protein 
provided an activation function. I began to wonder if I 
could generate smaller Gal4 derivatives to determine 
whether they might exhibit the anticipated helical peri- 
odicity. 
After a few pilot tests, I soon initiated a systematic 
deletion analysis of Gal4, progressively removing pro- 
tein sequences both internally and from the C terminus. 
The urgency of this analysis was also fueled by a rumor 
that Keith Yamamoto's lab was able to generate large 
truncations of the glucocorticoid receptor without de- 
stroying its activation function. My experiments (1987a) 
identified two short segments of Gal4 (49 and 114 aa), 
each sufficient o activate transcription when linked to 
its DNA binding domain. Derivatives of Gal4 lacking as 
much as 80% of their protein sequence can activate 
transcription. Later, Doug Ruden (1988), another student 
in the lab, and I looked for helical periodicity using small 
derivatives of Gal4, but we never found any. 
Before the completion of the Gal4 deletion analysis, 
I read a report by lan Hope and Kevin Struhl (1986), who 
had delineated a 19 aa activating region for another 
yeast activator Gcn4. Interestingly, the two Gal4 activat- 
ing sequences and that of Gcn4 shared no obvious ho- 
mology among themselves except being highly acidic. 
As noted by Hope and Struhl, the Gcn4 activating region 
also failed to show sequence homology to other yeast 
activators available at the time. An idea began to emerge 
that many different sequences--perhaps haring some 
loosely defined common features such as an excess of 
acidic residues--could activate transcription in yeast, 
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presumably by interacting with some proteins in the 
transcription machinery. 
To test this idea, I constructed a special library by 
fusing random bits of E. coli genomic DNA to the coding 
sequence for the Gal4 DNA binding domain (1987b). 
When I introduced the library into a gal4 yeast strain 
carrying a Gal4-responsive lacZ reporter gene, I found 
that a surprisingly high percentage (~1%) of the colonies 
turned blue on X-gal plates. After confirming that the 
blue (lacZ ÷) phenotype was linked to library plasmids, 
anxiety-turned-excitement became evident on a trans- 
parency I showed at a lab meeting: "No Hoax!", it de- 
clared. I strategically chose 15 shortest E. coli fragments 
for Maxam-Gilbert DNA sequencing to localize, effec- 
tively, the encoded activating sequences, referred to as 
B sequences (for blue, not blob). The B sequences vary 
in length, and the shortest ones have fewer than 20 aa. 
While most of the B sequences differ from one another 
and none has obvious homology to those of Gcn4 and 
Gal4, they are all characteristically acidic. In a concur- 
rent mutagenesis analysis of one of the activating re- 
gions of Gal4, Grace (1987) further showed that acidity 
is important for activation. (Earlier, at around the time 
of my deletion analysis, Grace had performed another 
genetic study to isolate full-length Gal4 mutants specifi- 
cally defective in activation, but only frameshift muta- 
tions appeared.) 
One of the B sequences, B42, also activated transcrip- 
tion when fused to the bacterial LexA DNA binding do- 
main. This finding completely demystified eukaryotic ac- 
tivators, reinforcing the notion put forth earlier by Roger, 
Liam, and Grace that an activator equires two, and only 
two, functions: one for directing it to DNA and the other 
for activating transcription. Evidently, neither function 
has to be conferred by proteins of eukaryotic origin. 
Since activating sequences are so "simple" and so easy 
to find, it became virtually impossible to imagine how 
activators might work by exerting some enzymatic activ- 
ities themselves, rather than by simply touching other 
proteins. 
Experiments with B42 further evealed that an activat- 
ing sequence does not have to be directly linked to a 
DNA binding domain. At the San Francisco yeast meet- 
ing in June 1987, I heard a talk by Yasuhisa Nogi that 
a region of Gal80 could tolerate insertions and deletions. 
Gal80 is a Gal4-specific repressor believed to inhibit 
Gal4's activity by masking its activating surfaces. Nogi's 
report immediately inspired me to ask whether insertion 
of an activating sequence to Gal80 could convert it to 
an activator. My experiments showed (1988) that a 
Ga180-B42 hybrid protein activated transcription if, and 
only if, yeast cells also had a Gal4 derivative capable of 
interacting with both Gal80 and DNA. On a ski lift during 
a lab ski trip that winter, Mark and I discussed my results 
and enjoyed the concept of experimentally bringing an 
activating sequence to DNA through protein-protein in- 
teractions. This concept was later extended by Stanley 
Fields (1989), who proposed the yeast two-hybrid 
system. 
Subsequent studies have since revealed that acidic 
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activating sequences and their targets interact in much 
the same way as bees and f lowers in a bouquet.  First, 
an acidic activating sequence tends to have the abil ity 
to interact with mult iple target proteins in the transcrip- 
t ional apparatus. In retrospect, this may explain why 
Gal4, and even its small derivatives, failed to exhibit  
the ant ic ipated helical periodicity: it is l ikely that target 
surfaces are avai lable from mult iple sides of the DNA 
helix. Second, different acidic act ivat ing sequences 
tend to interact with the same (or over lapping sets of) 
target proteins. Such an interaction mode is reflective of 
what  the acidic act ivat ing regions are: short sequences 
sharing loosely defined common features but neverthe- 
less relying on some structural characterist ics for func- 
tion. This mode is distinct from its "dedicated partner" 
alternative, in which act ivat ing sequences and targets 
could only interact in a pair-wise manner. It offers a vast 
interaction repertoire between act ivators and targets. 
This enables the transcriptional apparatus to integrate 
act ivat ion inputs, in all necessary combinat ions,  in re- 
sponse to environmental  and developmenta l  cues. The 
invention of nonacidic types of activating sequences 
(and their targets) in higher eukaryotes further expands 
the act ivator-target interaction repertoire to meet 
greater demands.  
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Summary 
We describe a new protein that binds to DNA and acti- 
vates gene transcription in yeast. This protein, LexA- 
GAL4, is a hybrid of LexA, an Escherichia coli repres- 
sor protein, and GAL4, a Saccharomyces cerevislae 
transcriptional activator. The hybrid protein, synthe- 
sized in yeast, activates transcription of a gene if and 
only if a lexA operator is present near the transcription 
start site. Thus, the DNA binding function of GAL4 can 
be replaced with that of a prokaryotic repressor with- 
out loss of the transcriptional activation function. 
These results suggest that DNA-bound LexA-GAL4 
and DNA-bound GAL4 activate transcription by con- 
tracting other proteins. 
Introduction 
In Saccharomyces cerevisiae, the protein GAL4 turns on 
transcription of the GALl gene when bound to an up- 
stream region called UASQ. This region contains four 17 
bp sites of related sequence, a near-consensus of which 
(the "17-mer") mediates GAL4 activity in vivo and binds 
GAL4 in vitro (Giniger et al., 1985; Keegan, personal com- 
munication). Both UASQ and a single 17-mer function 
when placed at several positions within a region between 
40 and 600 nucleotides from the GALl transcription start 
site, or when placed upstream of a different gene, CYC1 
(Guarente et al., 1982b; West et al., 1984; Giniger et al., 
1985). GAL4 is active in wild-type strains only when cells 
are grown on medium containing galactose, because, it is 
thought, growth on this medium leads to dissociation of 
GAL4 from an inhibitory protein, GAL80 (Oshima, 1982). 
GAL4 activity is reduced when cells are grown on medium 
that contains glucose and galactose (Oshima, 1982; Yo- 
cum et al., 1984), at least partly because GAL4 binds 
UASQ inefficiently under these conditions (Giniger et al., 
1985). 
Upstream activation sites (UASs) have been found up- 
stream of all RNA polymerase II-dependent yeast genes 
the regulatory regions of which have been carefully stud- 
ied. For example, upstream of CYCl are two sites called 
UAScl and UASc2. Cellular gene products, probably en- 
coded by the HAP1, HAP2, and HAP3 genes (Guarente et 
al., 1984), presumably interact with these sites. If UASa is 
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inserted upstream of CYC1 in place of UAScl and UASc2, 
CYC1 transcription becomes dependent on GAL4 and is 
regulated like GAL 1 transcription. Although the properties 
of UASs are similar in other respects to those of the en- 
hancer sequences found in higher eukaryotes, UASG and 
the two UAScs have been reported to be inactive when 
positioned downstream of the transcription start point of 
a gene (Struhl, 1984; Guarente and Hoar, 1984). 
The current investigation was prompted by a considera- 
tion of two mechanisms by which GAL4 might turn on tran- 
scription. According to the first, GAL4 would bind to DNA 
in some way that would stabilize an unusual DNA struc- 
ture (eg., left-handed DNA), and the perturbed structure 
would then somehow be transmitted down the helix, 
where it would help proteins bind near the transcription 
start. According to the second idea, GAL4 would contact 
DNA without greatly perturbing the structure of the DNA 
around the binding site, and activation of transcription 
would occur when GAL4 touches other proteins. In Esch- 
erichia coli, lambda repressor acts as a positive regulator 
(of its own gene) by the second mechanism; repressor 
binds to a site adjacent to the RNA polymerase binding 
site and touches RNA polymerase. One line of evidence 
that led to this picture was the isolation of lambda repres- 
sor mutants called pc (for Positive Control) that bind DNA 
but fail to activate transcription (Guarente et al., 1982a). 
The amino acids changed in pc mutants are clustered in 
a region on the surface of the lambda repressor molecule 
(Hochschild et al., 1983) that is thought on the basis of 
other experiments to be that portion of the molecule that 
touches RNA polymerase. 
Consideration of the lambda experiments led us to try 
to separate the ability of GAL4 to bind DNA from its ability 
to stimulate transcription. However, instead of seeking to 
preserve GAL4's DNA binding while eliminating its ability 
to activate transcription, we sought to confer a new DNA 
binding specificity on GAL4 while preserving its ability to 
stimulate transcription. To this end, we constructed a new 
protein called LexA-GAL4, the DNA binding specificity of 
which came from an E. coli repressor called LexA. 
In E. coli, LexA represses many genes. Like the repres- 
sors of lambda-like phages, LexA probably binds as a 
dimer to its operators (R. Brent, Ph.D. thesis, Harvard 
University, Cambridge, Massachusetts, 1982). Moreover, 
the LexA monomer seems to have an overall organization 
similar to that of the phage repressors; an amino terminal 
domain that binds operator DNA and contains weak di- 
merization contacts, a carboxy-terminal domain that con- 
tains stronger dimer contacts, and a flexible hinge region 
that connects the two (Brent and Ptashne, 1981 ; R. Brent, 
Ph.D. thesis 1982; Little and Hill, 1985; Shnarr et al., 1985). 
The first 87 amino acids of LexA contain the information 
necessary for specific binding to the LexA operator (Brent, 
unpublished) and 16 amino acids of the putative hinge re- 
gion (Little and Hill, 1985). If the cellular DNA is damaged, 
RecA protein and amino acids within the C-terminus of 
LexA catalyze cleavage of LexA within the hinge region. 
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Summary 
We describe yeast transcriptional activators encoded 
by E. coli genomic DNA fragments fused to the coding 
sequence of the DNA-binding portion of GAL4. All of the 
new activating sequences that we have analyzed, like 
those of GAL4 and GCN4, are acidic; most of these 
sequences show no obvious sequence homology 
when compared with the identified activating regions 
of GAL4 and GCN4 or among themselves. We also 
describe a fusion protein that contains no yeast pro- 
tein sequence but activates transcription in yeast. 
Introduction 
In the yeast Saccharomyces cerevisiae the genes re- 
quired for galactose catabolism (GAL 1, GAL 7, and GAL 10) 
are expressed at high levels when cells are grown in 
medium containing alactose (Hopper et al., 1978; Hop- 
per and Rowe, 1978; St John and Davis, 1981). GAL4, a 
protein of 881 amino acids (Laughon and Gesteland, 
1984; Laughon et alo, 1984), is required for the expression 
of these genes (Douglas and Hawthorne, 1964; Oshima, 
1982). The protein binds specifically to an upstream acti- 
vation sequence (called the UAS6), located midway 
between the divergently transcribed GALl and GALIO 
genes, and activates transcription (Guarente et al., 1982; 
Yocum et al., 1984; West et al., 1984; Johnston and Davis, 
1984; Bram and Komberg, 1985; Giniger et al., 1985; Lohr 
and Hopper, 1985; Selleck and Majors, 1987a, 1 987b). The 
activity of GAL4 is inhibited by the negative regulator 
GAL80 when cells are grown in medium lacking galactose 
(Douglas and Hawthorne, 1964, 1986; Oshima, 1 982; Tor- 
chia et al., 1984; Nogi et al., 1984; Nogi and Fukasawa, 
1984). Glucose represses the expression of the GAL 
genes whether or not galactose or GAL80 is present, a 
phenomenon called glucose repression (Adams, 1972; 
Matsumoto et al., 1981, 1983). 
Two lines of evidence show that GAL4 binds DNA using 
its amino terminus and activates transcription using other 
parts of the protein. First, amino terminal fragments of 
GAL4 (residues 1-98 or 1-147) bind to DNA both in vivo 
and in vitro but fall to activate transcription (Keegan et al., 
1986; Ma and Ptashne, 1987a; J. Ma, H. Kakidani, and 
M. Ptashne, unpublished data). Second, a fusion protein 
bearing the DNA-binding domain of the bacterial repres- 
sor LexA in place of that of GAL4 activates transcription 
from a lexA operator positioned upstream of a yeast gene 
(Brent and Ptashne, 1985). More recent experiments how 
that either of two short regions of the protein (activating 
region I, residues 148-198 or activating region II, residues 
768-881) activates transcription when fused to the DNA- 
binding portion of the molecule (residues 1-147; Ma and 
Ptashne, 1987a). The carboxy-terminal 30 amino acids of 
GAL4, a part of activating region II, are also involved in in- 
hibition by GAL80 (Ma and Ptashne, 1987b; Johnston et 
al., 1987). 
The two activating regions of GAL4, each highly acidic, 
bear no obvious sequence homology to one another (Ma 
and Ptashne, 1987a), or to the activating region (also 
acidic) of another yeast activator, GCN4 (Hope and Struhl, 
1986; Struhl, 1987). Protein sequences that bear little se- 
quence homology but nevertheless manifest identical bio- 
logical functions have been observed in other cases. For 
example, signal sequences that direct the secretion of pro- 
teins bear little, if any, sequence homology (reviewed by 
Briggs and Gierasch, 1986; also see von Heijne, 1985); 
the same is true for signal sequences of mitochondrial 
proteins (von Heijne, 1986; Schatz, 1987). Recently, Kai- 
ser et al. (1987) and Baker and Schatz (1987) replaced the 
signal sequences of secreted and of mitochonddal pro- 
teins, respectively, with random peptide sequences and 
found that a large fraction of these random sequences can 
function as signal sequences. 
In this paper we describe a new class of yeast activators; 
these activators were encoded by genes bearing E. coli 
genomic DNA fragments fused to the coding sequence of 
the DNA-binding portion of GAL4. We detected these ac- 
tivating sequences at a high frequency, and most of the 
new activating sequences show no obvious sequence ho- 
mology when compared with one another or with the ac- 
tivating regions of GAL4 and GCN4. All of the new activat- 
ing sequences that we have analyzed are acidic. We also 
show that a fusion protein bearing one of our new activat- 
ing sequences attached to the DNA-binding domain of 
LexA--a protein therefore containing no yeast protein 
sequence--activates transcdption in yeast. 
Results 
Experimental Design 
We fused E. coli genomic DNA fragments (generated with 
the restriction enzyme Sau3A) to the coding sequence of 
the DNA-binding portion of GAL4 (amino acids 1-147). Ex- 
pression of these genes, carded on plasmids (Figure 1), 
was directed by the ADH1 promoter. We introduced these 
plasmids into a yeast "tester" strain lacking functional 
GAL4 but bearing an integrated GALI-lacZ fusion gene 
with the UASG at its normal location. The product of the 
GAL 1-1acZ fusion gene (13-galactosidase) conferred a dis- 
tinctive blue color to the yeast colonies on the appropriate 
indicator plates (X-gal plates); in the absence of a tran- 
scriptional activator that recognizes UASG the colonies 
were white. We detected 154 blue colonies among about 
15,000 transformants. We isolated plasmids from 35 in- 
dividual transformants expressing various levels of ~-galac- 
tosidase. We retransformed 26 plasmids into the tester 
strain and found that the lS-galactosidase-positive pheno- 
